Campylobacter jejuni isolates possess multiple adhesive proteins termed adhesins, which 2 promote the organism's attachment to epithelial cells. Based on the proposal that one or more 3 adhesins are shared among C. jejuni isolates, we hypothesized that C. jejuni strains would 4 compete for intestinal and cecal colonization in broiler chicks. To test this hypothesis, we 5 selected two C. jejuni strains with unique SmaI-PFGE macrorestriction profiles and generated 6 one nalidixic acid resistant strain (F38011 Nal R ) and a second streptomycin resistant strain (02-7 833L Str R ). In vitro binding assays revealed that the C. jejuni F38011 Nal R and 02-833L Str R 8 strains adhered to LMH chicken hepatocellular carcinoma epithelial cells, and neither strain 9 influenced the binding potential of the other strain at low inoculation doses. However, an 10 increase in the dose of the C. jejuni 02-833L Str R relative to the C. jejuni F38011 Nal R strain 11 competitively inhibited the binding of the C. jejuni F38011 Nal R strain to LMH cells in a dose-12 dependent fashion. Similarly, the C. jejuni 02-833L Str R strain was found to significantly reduce 13 the efficiency of intestinal and cecal colonization by C. jejuni F38011 Nal R in broiler chickens. 14
compete for intestinal and cecal colonization in broiler chicks. To test this hypothesis, we 5 selected two C. jejuni strains with unique SmaI-PFGE macrorestriction profiles and generated 6 one nalidixic acid resistant strain (F38011 Nal R ) and a second streptomycin resistant strain (02-7 833L Str R ). In vitro binding assays revealed that the C. jejuni F38011 Nal R and 02-833L Str R 8 strains adhered to LMH chicken hepatocellular carcinoma epithelial cells, and neither strain 9 influenced the binding potential of the other strain at low inoculation doses. However, an 10 increase in the dose of the C. jejuni 02-833L Str R relative to the C. jejuni F38011 Nal R strain 11 competitively inhibited the binding of the C. jejuni F38011 Nal R strain to LMH cells in a dose-12 dependent fashion. Similarly, the C. jejuni 02-833L Str R strain was found to significantly reduce 13 the efficiency of intestinal and cecal colonization by C. jejuni F38011 Nal R in broiler chickens. 14 Based on the number of bacteria recovered from the ceca, the maximum number of bacteria that 15 can colonize the digestive tract of chickens may be limited by host constraints. Collectively, 16 these data support the hypothesis that C. jejuni strains compete for colonization in chicks, and 17 suggest that it may be possible to design novel intervention strategies to reduce the level at which 18
Materials and Methods 1
Culture of bacterial strains 2 C. jejuni F38011 was isolated from a human with bloody diarrhea, whereas C. jejuni 02-833L 3 and CS were isolated from chicken carcasses. The C. jejuni F38011, 02-833L, and CS strains 4 used in this study were passaged fewer than ten times after initial isolation. The C. jejuni strains 5
were cultured under microaerobic conditions on Mueller-Hinton agar plates supplemented with 6 5% citrated bovine blood (MH-blood agar) at 37°C. Cultures were subcultured to a fresh plate 7 every 24 to 48 h. Salmonella typhimurium 85-102840 was cultured on Luria-Bertani (LB) agar 8 plates at 37°C. 9 10
Selection of C. jejuni strains resistant to antibiotics 11
To generate antibiotic resistant strains of C. jejuni for use in further assays, one loopful of wild-12 type bacteria cultured on MH-blood agar was spread-plated on a MH-blood agar plate 13 supplemented with either 50 µg/ml nalidixic acid for F38011 or 20 µg/ml streptomycin for 02-14
833L. The antibiotic plates were incubated under microaerobic conditions and resistant colonies 15
were picked and motility confirmed before use in this study. 16
17

Bacterial growth assays 18
Growth assays were performed using the C. jejuni F38011 Nal R and C. jejuni 02-833L Str 
12
CFU of the C. jejuni F38011 and C. jejuni 02-833L strains suspended in Waymouth's -1% FBS. 13
Bacteria-host cell contact was promoted by centrifugation at 600 x g for 5 min. Following a 30 14 min incubation at 37°C in a humidified, 5% CO 2 incubator, the epithelial cells were rinsed three 15 times with PBS to remove non-adherent bacteria. The epithelial cells were then lysed with a 16 solution of 0.1% (vol/vol) Triton X-100. The suspensions were serially diluted and the number 17 of viable, adherent bacteria determined by counting the resultant colonies on MH-blood agar 18
plates. The values reported represent the mean counts + std. deviations derived from triplicate 19 wells. Significance between samples was determined with Student's t test following log 10 20 transformation of the data. Two-tailed P values were determined for each sample, and a P value 21 of < 0.05 was considered significant. 22
23
Immunofluorescence microscopy 24
Immunofluorescence analysis of C. jejuni binding LMH cells was performed using methods 25 described previously (23). LMH cells (7.5 X 10 4 cells/well) were cultured on 13 mm circular 26 glass coverslips for 18 h at 37°C in a humidified, 5% CO 2 incubator. The cells were inoculated 27 with 5 X 10 6 CFU of C. jejuni in 0.5 ml of Waymouth's -1% FBS. After 30 min of incubation, 28 the inoculated cells were washed 3 times with PBS and fixed with 2% paraformaldehyde. The 29 LMH cells were permeabilized with 0.1% Triton-X 100. To detect cell-associated bacteria, the 30 samples were incubated for 45 min at ambient temperature with a rabbit anti-C. jejuni antibody 31 prepared against Campylobacter whole cell lysates, followed by a second incubation for 45 min 32 template and 300 nM each primer in duplicate 25 µl reactions with the Power SYBR Green PCR 1 Master Mix (Applied Biosystems). RNA samples without a reverse transcriptase step (to identify 2 background due to genomic DNA contamination) were included for every sample and primer 3 combination. Thermal cycling conditions were as follows: 2 min at 50°C, 10 min at 95°C 4 followed by 40 repeats of 15 s at 95°C, and 1 min at 55°C. PCR efficiencies were determined 5 from standard curves of cDNA dilutions and their respective cycle threshold (Ct). To correct for 6 variance in mRNA template concentration and efficiency of the reverse transcription reaction, 7 the cadF gene was chosen as a reference gene. The results are presented as ratios of gene 8 expression between the target gene and the reference gene (29). 9
10
Broiler chickens 11
Sixty chickens were subdivided into 6 groups of 10 chicks; the chicks were then placed into 12 isolation chambers (Horsfall Bauer isolators) on wire mesh. Water and a commercial chick 13 starter feed was provided ad libitum. Each isolator was equipped with two removable metal 14 trays. Fecal matter was collected and autoclaved before disposal. All animals studies were 15 performed using protocols approved by the Institutional Animal Care and Use Committee 16 (IACUC protocol #3248) at Washington State University. 17
18
Campylobacter cultures and chicken inoculation 19
The C. jejuni F38011 and 02-833L strains were cultured in Bolton's broth at 42ºC for 16 hours 20 under microaerobic conditions (85% nitrogen, 10% CO 2 , 5% oxygen) prior to inoculation of 9-21 day old chicks by oral gavage with 0.5 ml of a bacterial suspension (~10 7 bacteria). One group 22 of 10 chickens was kept as the uninoculated control group. The remaining 5 groups of chicks 23 were inoculated with: 1) the C. jejuni F38011 Nal R strain only; 2) the C. jejuni 02-833L Str strain only; 3) an equal number of the C. jejuni F38011 Nal R strain and C. jejuni 02-833L Str R ; 25 4) the C. jejuni F38011 Nal R strain, followed by inoculation with the C. jejuni 02-833L Str strain one week later; and 5) the C. jejuni 02-833L Str R strain, followed by inoculation with the 27 C. jejuni F38011 Nal R strain one week later. After the chickens were inoculated, each of the 28 remaining bacterial suspensions were serially diluted and plated onto CVA agar to confirm the 29 CFU of each dose. gently, and a 100 µl aliquot was pipetted into agarose plug molds. After setting, the agarose 25 plugs were removed from the molds and incubated in 1 ml of ESP buffer (50 mM Tris-HCl (pH 26 8.0), 50 mM EDTA, 1% (wt/vol) N-lauroyl sarcosine, 0.5 mg/ml proteinase K) at 53˚C for 1 h. 27
The agarose plugs were then washed two times in PBS at 53°C, two times in PBS at ambient 28 temperature, and once in sterile water at ambient temperature. Individual agarose plugs were 29 incubated with 100 µl of restriction endonuclease buffer containing 20 U of SmaI at 25˚C for 4 h. Samples were electrophoresed for 19 h at 120V and 14°C with a reorientation angle of 120 1 degrees and a ramped pulse time of 6.8-35.4 sec. Gels were stained for 20 min in 3 µg/ml 2 ethidium bromide and destained for 20 min in water. Images were captured using a Bio-Rad 3 FluorS system and processed using Adobe Photoshop. 4
Results
1
C. jejuni F38011 and 02-833L motility and growth characteristics 2 C. jejuni F38011 and C. jejuni 02-833L were chosen for this study as previous work indicated 3 that both isolates effectively colonize chickens. We isolated a C. jejuni F38011 nalidixic acid 4 (Nal R ) resistant isolate and a C. jejuni 02-833L streptomycin (Str R ) resistant isolate and 5 confirmed the motility of each isolate on Mueller-Hinton medium supplemented with 0.4% agar 6 (Fig. 1) . Although both C. jejuni F38011 Nal R and C. jejuni 02-833L Str R strains were motile, 7 the zone of bacterial migration was consistently greater for the 02-833L Str R strain than for the 8 F38011 Nal R strain. 9
10
Growth experiments were performed with the C. jejuni F38011 Nal R and 02-833L Str R resistant 11 strains to determine the growth rate of each organism and to ensure that each strain could be 12 recovered from a mixed culture ( 
Expression of C. jejuni F38011 and 02-833L adhesins 27
Previous work has demonstrated that the CadF protein is necessary for C. jejuni to colonize 28 chickens (39). Given the host cell binding differences in the C. jejuni F38011 Nal R and 02-833L 29
Str
R strains, we assessed whether these strains expressed known and putative adhesins by real-30 time RT-PCR (data not shown). Based on real-time RT-PCR analysis, no significant differences 31 were detected in the cadF, jlpA, porA, and peb1 transcripts between the two strains. However, 32 the amount of transcript varied amongst the genes within each strain (i.e., the expression of porA 1 > cadF > peb1 > jlpA). Consistent with previous work, these data suggest that the C. jejuni 2 genes that encode for known and putative adhesins are expressed constitutively (14) . 
LMH epithelial cells (not shown). Because additional experiments were planned that involved 15
assessing the colonization potential of the C. jejuni strains in chickens, we proceeded with the 16 LMH cells. We observed a greater number of C. jejuni F38011 Nal R bacteria bound to the LMH 17 cells than was observed with the 02-833L Str R bacterial strain (Fig. 3) . Moreover, the binding 18 potential of the C. jejuni F38011 Nal R strain relative to the 02-833L Str R strain was greater 19 regardless of the inoculation doses (not shown). In addition, the number of bacteria bound to 20 LMH cells did not change significantly when strains were inoculated individually or in 21 combination ( Fig. 3 approximately a 3-fold reduction in binding by the C. jejuni F38011 Nal R strain in the presence 5 of 170-fold excess C. jejuni 02-833L Str R strain. This inhibition in binding was judged to be 6 specific because the effect was dose-dependent (i.e., the greater the fold-increase in the C. jejuni 7 02-833L Str R strain relative to the C. jejuni F38011 Nal R strain, the greater the inhibition in 8 F38011 binding to the LMH cells) and this effect was not observed with the S. typhimurium 85-9 102840 strain. 10
11
To test if the binding of the C. jejuni 02-833L Str R strain to LMH cells could be inhibited with 12 the C. jejuni F38011 Nal R strain, additional experiments were performed in which the number of 13 the C. jejuni 02-833L Str R bacteria were maintained at a constant number and an excess of the C. 14 jejuni F38011 Nal R strain added (Fig. 6 ). We again observed that the C. jejuni 02-833L Str To determine if chickens colonized with one C. jejuni strain would affect the ability of a second 25 C. jejuni strain to colonize chickens, sixty chickens were divided into 6 groups each consisting of 26 10 birds. Group 1 was the uninoculated control group; Group 2 was inoculated with the C. jejuni 27 F38011 Nal R strain only; Group 3 was inoculated with the C. jejuni 02-833L Str R strain only; 28 (Fig. 7) . In contrast, the number of bacteria recovered per 9 gram of cecal contents yielded more consistent results (Fig. 8) . Thus, the following discussion 10 pertains to the trends observed in the recovery of bacteria from the cecal contents. C. jejuni were 11 not recovered from any of the uninoculated chickens (Group 1). In addition, C. jejuni were 12 recovered from the cecal contents of 10 of 10 chickens inoculated with the C. jejuni F38011 Nal jejuni 02-833L Str R strain one-week prior to inoculation with the C. jejuni F38011 Nal R strain 20 (Group 6). In both instances, the C. jejuni F38011 Nal R strain did not colonize more than half of 21 the birds in the groups (i.e., Group 4, the F38011 Nal R strain was not recovered from the cecum 22 of 5 birds; Group 6, the F38011 Nal R strain was not recovered from the cecum of 6 birds). The goal of this study was to determine if C. jejuni strains compete for colonization in broiler 2 chicks. To address this question, we first selected two C. jejuni isolates that effectively colonize 3 chickens and isolated nalidixic acid and streptomycin resistant strains. Using the C. jejuni 4 F38011 Nal R and 02-833L Str R strains, we performed motility assays, growth curve analyses, 5 real-time RT-PCR to measure the expression of transcripts for known and putative adhesins, and 6 in vitro adherence assays to characterize the phenotypic properties and better understand the 7 interplay between two C. jejuni isolates. Overall, several similarities and differences were noted 8 between the two strains. Regarding the similarities, both C. jejuni strains expressed comparable 9 transcript levels of the known and putative adhesins (data not shown), and bound to LMH 10 chicken hepatocellular carcinoma epithelial cells. While the levels of the transcripts varied for 11 the different genes (the expression of porA > cadF > peb1 > jlpA), no significant differences 12 were detected in the level of transcript from a given gene between the two strains. However, this 13 does not preclude the possibility that there are functional characteristics of the adhesins that 14 differ between strains due to sequence variation in the encoding genes. Regarding the 15 differences, the C. jejuni 02-833L Str R strain did appear more motile than the C. jejuni F38011 16 Nal R strain based on the zone of migration of the two isolates on Mueller-Hinton agar plates 17 supplemented with 0.4% agar. In addition, the C. jejuni F38011 Nal R strain had a faster growth 18 rate than the C. jejuni 02-833L Str R strain, although both strains reached similar CFU/ml in 19 stationary phase (i.e., 54 h). Finally, the C. jejuni F38011 Nal R strain bound to the LMH chicken 20 cells in greater numbers than the C. jejuni 02-833L Str R strain. 
25
Analysis of the data generated from the in vivo experiments uncovered several points worth 26 mentioning. First, the number of bacteria recovered from the intestinal tract showed greater 27 variability than the number of bacteria recovered from the cecal contents, which consistently 28 contained the greatest number of C. jejuni. We have consistently recovered higher numbers of 29 C. jejuni from the cecum, relative to the jejunum/mid-intestine, in pilot studies using the same 30 sampling techniques described above (data not shown). Second, it is clear that in some of the 31 birds, colonization with one C. jejuni strain was able to completely inhibit a second strain from 32 establishing colonization. While the mechanism underlying this competitive inhibition is not 1 understood, this finding certainly warrants further investigation. Third, chickens can also harbor 2 more than one strain of C. jejuni. Although we used a relatively high challenge dose (i.e., 10 7 3 bacteria) for these experiments, the sources of C. jejuni on-farm are not known and the dose 4 range of C. jejuni probably varies over several logs. Fourth, there appears to be an upper limit of 5 bacteria that colonize the cecum. The mean number of bacteria recovered from the cecum of the 6 birds inoculated with the C. jejuni F38011 Nal R and C. jejuni 02-833L Str R strains (Groups 4, 5, 7 and 6) were 4.9 x 10 10 , 4.5 x 10 10 , and 3.0 x 10 10 , respectively. If there is indeed an upper limit 8 to the number of C. jejuni that can be present in the cecum, it would mean that one strain must be 9 partially displaced for a second strain to establish colonization. in our study were subject to genomic instability, approximately 10 colonies were recovered from 17 plates for each of the Groups 2-6 and the macrorestriction profiles determined by pulsed-field gel 18
electrophoresis (mrp-PFGE). This type of analysis was possible because the C. jejuni F38011 19
Nal R and C. jejuni 02-833L Str R (parental) strains, which were used to inoculate the chickens, 20 had distinct macrorestriction profiles. All of the Nal R colonies recovered exhibited the SmaI-mrp 21 of the C. jejuni F38011 parental strain and all of the Str R colonies recovered exhibited the SmaI-22 mrp of the parental C. jejuni 02-833L Str R strain. Moreover, Nal R and Str R resistant colonies 23 were never recovered from the cecal samples. In addition, the motility of each of the isolates 24 from cecal contents was determined to be equivalent to that of the parental strains (data not 25 shown). Collectively, these data suggest that the population of C. jejuni F38011 Nal R and 02-26 12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 Viable Number of Adherent Bacteria 
